Limb-girdle muscular dystrophy (LGMD) is genetically one of the most heterogeneous diseases, with 420 genes identified. 1 Moreover, causative mutations remain undetermined in more than half of all LGMD patients, suggesting additional heterogeneity. In Japan for instance, B60% of the genetic causes of LGMD remain unknown (YK Hayashi et al., unpublished data).
LGMD involves recessive as well as dominant disease alleles on autosomes and the X chromosome, 2 and the mutations are widely distributed across the entire length of multi-exon genes. The observed mutation frequency for particular LGMD genes varies among different races or geographic regions. The lack of clinical or laboratory findings that help identify the disease-causing genes and their respective common mutations also hinders efficient gene-screening. It is costly and time-consuming to screen all known disease-causing genes by conventional PCR and Sanger sequencing.
Mutation detection is necessary for definitive diagnosis, specifically for genetic counseling, prenatal diagnosis or any-genebased therapy, as well as understanding disease pathogenesis and epidemiology. Recent developments in high-throughput sequence capture methods and nextgeneration sequencing technologies allow for targeted enrichment and resequencing of nearly all exons of protein-coding genes, and have made exome sequencing not only feasible but also extremely cost-effective. Exome sequencing is increasingly being adopted as a diagnostic tool for genetic disease characterized by extreme genetic heterogeneity, as well as for discovery of new causal mutations for unidentified inherited disorders. 3 We studied a 37-year-old Japanese female patient, who was born to consanguineous asymptomatic parents (first cousins) and developed difficulty in climbing stairs at the age of 20. She had no siblings. She was seen in our department at the age of 23 and was found to have slowly progressive proximaldominant muscle atrophy and weakness, hypertrophy of the calf muscles and high serum creatinine kinase levels (1164 IU/l). She was clinically diagnosed as probable autosomal recessive LGMD (LGMD2).
The study received approval from the ethics committees of Okayama University and the National Center of Neurology and Psychiatry. We obtained written informed consent from all subjects participating in the study. Genomic DNAs were extracted from peripheral blood samples obtained from the patient and her parents. We used exome sequencing (Otogenetics Corp., Norcross, GA, USA) to identify the causative mutation in this patient. We captured the genomic regions comprising all exons and exon-intron boundaries, 5 0 and 3 0 untranslated regions, B650 bp of upstream promoter regions, small nuclear RNA and microRNA loci, and conserved intergenic regions using a NimbleGen SeqCap EZ Human Exome Library v2.0 (Roche NimbleGen, Madison, WI, USA). We sequenced the library with 90-bp paired-end reads on a next-generation HiSeq2000 sequencer (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. We obtained 67 748 784 sequencing reads, comprising 6.1 billion bases. We aligned the sequences against the reference human genome (University of California Santa Cruz hg 19), and scored variants using the DNAnexus genome browser, April 2011 (DNAnexus Inc., Mountain View, CA, USA; http://www.dnanexus.com), using the 'two reads supporting the variation' option. Reads were filtered to remove those with Phred scores of six or less, primer contamination, or poly-A/C/G/T tracts. Reads mapped to ribosomal RNA loci were also excluded from further analysis. After these filtering steps, we obtained 59 694 348 (88.1%) mapped reads with an average sequence depth of Â 56. After removing variants registered in the public database (dbSNP132), 13 316 variants remained (13 120 non-synonymous substitutions and 196 frame-shifts). As the consanguineous family history argued against screening for autosomal dominant or X-linked LGMD, we focused on homozygous mutations in the 16 known genes (LGMD2A-Q) responsible for LGMD2. As a result of genomic variation analysis by the calling algorithm of DNAnexus and manual curation to exclude misaligned reads, only one mutation, a frame-shift c.1795dupA (p.Thr599Asnfs*33, also currently registered as rs80338803 in dbSNP) in exon 15 of the calpain 3 gene (CAPN3), remained as a candidate. We used Sanger sequencing to confirm that this mutation was homozygous in this patient and heterozygous in her parents (Figure 1 ). Mutations in CAPN3 are responsible for LMGD2A and this same mutation is one of the common mutations in Japanese calpainopathy (LMGD2A), which are rarely found in other races and may reflect a founder effect originating from the relative geographic isolation of Japan. [4] [5] [6] Although several approaches for efficient mutation analysis in patients with LGMD have been employed so far, including immunoanalysis of muscle biopsies 7 and homozygosity mapping, 8 protein tests are not always specific and homozygosity mapping requires the collection of additional family samples and laborious genotyping. Our exome sequencing screen in this patient rapidly identified a previously reported homozygous mutation in CAPN3 and allowed the exclusion of known LGMD genes. The cost of this exome sequencing wasB$1000 for data production and analysis through Otogenetics Corp. and DNAnexus Inc. and thus the method was more costefficient than a series of conventional capillary sequencing of individual multiexon genes, each costing between hundreds and several thousand dollars. Exome sequencing offers a more powerful method to discover mutations in genetically highly heterogeneous diseases than comprehensive screening of candidate genes by traditional sequence methods. Furthermore, its application to a consanguineous family with recessive disease makes data interpretation particularly straightforward. 
